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Background: Intestinal ischemia is difﬁcult to diagnose, and search for new biomarkers has led to interest
in D-lactate, which arises from bacterial fermentation in the gastrointestinal tract.
Methods: The superior mesenteric artery was clamped in eight pigs for 6 h to induce ischemia of the
intestine. Eight sham-operated pigs served as controls. Systemic and portal plasma D- and L-lactate were
sampled in 1 h intervals. L-LDH was inactivated prior to D-lactate measurement by addition of NaOH.
Results: In systemic vein samples, we found a signiﬁcant mean difference in the change of D-lactate from
baseline to 6 h between the sham and intervention group (.007  .011 mmol/l vs. .030  .013 mmol/l,
respectively) (P ¼ .020). Both systemic and portal circulation levels of plasma L-lactate increased
signiﬁcantly between the two groups within an hour. The mean difference for L-lactate were
.020  .215 mmol/l and 1.440  1.454 mmol/l in the sham and intervention group, respectively
(P ¼ .009).
Conclusion: L-lactate was found to be a marker of arterial-induced intestinal ischemia in both the
systemic and portal circulation. There was no signiﬁcant elevation of D-lactate at either site during the 6 h
of ischemia.
 2012 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.1. Introduction
Acute mesenteric ischemia, a condition in elderly patients, is
associated with high morbidity and mortality. The condition ranges
from reversible hypoperfusion to infarction of the intestine, the
latter being lethal if left untreated. Mesenteric ischemia arises from
several pathogeneses, including arterial thromboembolic event,
venous thrombosis, and non-occlusive causes. Causes involving
arterial occlusion account for approximately 75% of all intestinal
ischemia cases.1 Colonic ischemia is seen as a complication to
ruptured abdominal aortic aneurysm (AAA) repair2 or due to an
occlusion of the superior mesenteric artery.3
A superior mesenteric artery occlusion compromises the blood
supply to the majority of the intestine. The symptoms can range
from postprandial pain to severe constant pain, and there are often
no signs of peritoneal reaction, bloody stools, or vomiting in the
early stages.1 The discrepancy of clinical signs and symptoms often
lead to an underestimation of the severity, which may delay the45 78443409.
ciates Ltd. Published by Elsevier Ltdiagnosis. These factors make the diagnosis of these patients very
challenging and aid is needed to identify the patients quickly to
reduce the mortality.4
During tissue ischemia, the metabolism changes from aerobic to
anaerobic and cells depend on anaerobic glycolysis, and the
primary end product of anaerobic glycolysis is L-lactate. This
metabolic pathway is common for all tissues in the body; therefore,
elevated levels of L-lactate are not a speciﬁc marker for intestinal
ischemia.
Under normal conditions, D-lactate is only seen in micromolar
concentrations in humans because of methylglyoxate metabolism.5
D-lactate is thought to bemetabolized to pyruvate in the liver by the
enzyme D-2-hydroxy acid dehydrogenase, but at amuch slower rate
than the rate at which L-lactate dehydrogenase (L-LDH) metabolizes
L-lactate.6 Some bacteria belonging to the normal gastrointestinal
ﬂora, including Escherichia coli, Lactobacillus species, and Klebsiella
species, can produce D-lactate under anaerobic conditions.5 With
decreased luminal oxygen, as seen during intestinal ischemia, the
above mentioned bacteria increase the production of both lactate
isomers. Normal healthymucosa prevents D-lactate in the intestinal
lumen from entering the circulation. During mesenteric ischemia,
the barrier function of the mucosa is compromised, whichd. All rights reserved.
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increases the capillary and mucosal permeability.7,8 This allows D-
lactate to enter the portal circulation. High D-lactate concentrations
may be more speciﬁc for an intestinal focus than L-lactate. The
aforementioned considerations prompted us to investigate D-
lactate as a potential marker of acute mesenteric ischemia caused
by arterial occlusion using a pig model.
2. Materials and methods
Sixteen fasting female Danish Landrace pigs [mean weight, 68 kg (56e82 kg)]
were randomized in blocks of two to the intervention or control group. Anes-
thesia was initiated with an intramuscular injection of 1 mL/10 kg Zoletil mixture
(Virbac 50 Vet., BP27-06511, Camos, France). After tracheal intubation, anesthesia
was maintained by intravenous infusion of Propofol (Propofol, B. Braun Melsungen
AG, Melsungen, Germany) at 10 mL/kg/h and Fentanyl (Haldid, Janssen Pharma-
ceutica, Beerse, Belgium) at .5 mL/kg/h throughout the surgery. Pigs were
mechanically ventilated using a Dantex respirator (D-VHC14-23-02, Division of
Instrumentarium Corp. Helsinki, Finland) with 4 L of oxygen and 4 L of N2O. A
bladder catheter was placed to monitor urine production.
A catheter for systemic blood sampling was placed in the left jugular vein
(Avantiþ, 7F, Cordis Corporation, Miami, FL, USA). A catheter (Super Torque Plus, 6F,
100 cm EGB III, Cordis Corporation), also for blood sampling, was placed in the right
hepatic vein via the right jugular vein, guided by X-ray and controlled by contrast
injection. A heparin-saline solution, 10 IU heparin/mL (Heparin, LEO Pharma A/S,
Ballerup, Denmark) was used to prevent clotting.
A 25 cm midline laparotomy was made, and a catheter for blood sampling was
placed in the portal vein (Avantiþ, 7F, Cordis Corporation). A heparin-saline solution
(10 IU heparin/mL; LEO Pharma A/S, Ballerup, Denmark) was used to prevent clot-
ting. Finally, 5000 IU heparinwas intravenously administered before blood sampling
began.
In the intervention group, the superior mesenteric artery was dissected and
clamped. In all animals, the abdominal wall was adapted to reduce evaporation and
loss of body heat during the experiment. Bloodwas sampled in ﬂuoride-citrate tubes
(Venosafe, Terumo Europe, Leuven, Belgium) from both catheter sites prior to
clamping and then at 1-h intervals for a total of 6 h. Blood samples were immedi-
ately centrifuged at 2000 g for 12 min, and plasma was separated and stored for
maximally one month at 20 C until analysis.
Throughout the experiment, ECG, temperature, systemic blood pressure, oxygen
saturation, and urine productionwere monitored. An isotonic saline solution (3 mL/
kg/h) was infused to maintain normal renal function and circulation. After 6 h of
clamping, one segment of small intestine and one segment of colon were resected
and ﬁxed in 10% neutral-buffered formalin solution for later histological examina-
tion. At the end of the experiments, the pigs were euthanized by a pentobarbital
overdose.
The experimental procedure was conducted under local project license
J.nr.2007/561-1329 in conformity with Danish legislations regarding animal welfare
and experimental surgery.
2.1. Biochemical assay
Plasma D-lactate levels were analyzed with the D-lactic Acid kit (Biocontrol
Systems, USA) on Modular Analytics P (Roche Diagnostics, Mannheim, Germany)
using a spectrophotometric method. Given that the presence of L-lactate dehydro-
genase (L-LDH) and L-lactate in plasma interfere with the estimation of D-lactate,
inactivation or removal of L-LDH is necessary to precisely measure the D-lactate
concentration.9We prepared the samples by adding 20 mL sodium hydroxide (NaOH)
with a concentration of 5 mol/L to 500 mL of plasma, which inactivates L-LDH.10 The
activity of L-LDH was controlled, and all samples were less than 3 U/L after theFig. 1. Mean plasma concentrations of D-lactate  SD, C ¼ intervention group, B ¼preparation. All samples were measured in duplicate. The dilution factor due to the
addition of NaOH was taken into account in the ﬁnal calculation.
L-lactate and L-LDHwere analyzed using the L-lactate kit (cat. no. 11822837), and
the LDH kit (cat. no. 03002209), both from Roche Diagnostics on the Modular P
according to the manufacturer’s instructions.
2.2. Histological protocol
The intestinal samples were embedded in parafﬁn, and stained with hematox-
ylin and eosin (H and E). The histological assessment was done double blinded. We
used the following criteria to characterize the level of tissue injury. Grade 0: No
structural changes; Grade 1: Superﬁcial edema of the epithelium; Grade 2: Super-
ﬁcial denudation of the epithelium and homogenization of the lamina propria.
Grade 3: Injury of the muscular layer.
3. Statistics
Based on the work by Assadian et al.,11 we aimed to detect
a mean difference in the levels of D-lactate after 6 h of .013 (with
a standard deviation of .0085), with 80% power and a 5% signiﬁ-
cance level after 2 h. Using Power and Sample Size Calculations
version 2.1.31 (Vanderbilt University), we calculated that eight pigs
per group would be required.12
A one-way repeated measurement ANOVA supplemented with
Student’s t-tests was used for comparison between the groups. The
results are presented as the mean  SD, and p values < .05 were
considered signiﬁcant. The analyses were carried out using SPSS
software version 15 (SPSS Inc., Chicago, Illinois, USA).
4. Results
4.1. D-lactate
A one-way repeated measurement ANOVA revealed no signiﬁ-
cant difference between the groups in the portal vein samples
(P ¼ .160) and jugular vein samples (P ¼ .358).
D-lactate increased immediately after clamping in the portal
samples. However, this increase seemed to stagnate and stay the
same throughout the rest of the study. After 6 h of ischemia, the
portal plasma concentration of D-lactate was .072  .034 mmol/L
compared to .049  .013 mmol/L in the sham group (P ¼ .238)
(Fig. 1a). D-lactate concentrations in the jugular vein responded
after approximately 1 h of clamping with elevation and showed
a similar pattern as the portal vein samples (Fig. 1b). No signiﬁcant
difference between the intervention and sham groups was
observed. After 6 h, jugular vein samples were .045  .015 mmol/L
and .066  .024 mmol/L in the sham and intervention group,
respectively (P ¼ .173). D-lactate concentrations in the sham group
remained stable throughout the experiment.
Finally, we investigated the changes in D-lactate in the indi-
vidual pigs during the experiment. The following results represent
D-lactate values from 6 h minus the start values. In the jugular veinsham-operated group. Fig. 1a is from the portal vein and 1b is the jugular vein.
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L in the sham group compared to .030  .013 mmol/L in the
intervention group (P ¼ .020).
We found no signiﬁcant difference in portal and liver vein
samples at any given sampling time. (Results not shown).4.2. L-lactate
L-lactate levels were signiﬁcantly different between the inter-
vention and sham groups during the experiment for both the
jugular and portal samples (P ¼ .001 and P < .001, respectively),
using one-way repeated measurement ANOVA, (Fig. 2a and b).
L-lactate levels in the portal vein increased signiﬁcantly to
2.395  .513 mmol/L in the intervention group compared to
1.146  .121 mmol/L in the sham group 1 h after ligation of the
superior mesenteric artery (P < .001). Similar signiﬁcant increase
was observed in jugular vein. After 1 h, samples from the jugular
vein showed concentrations of 1.705  .242 mmol/L in the sham
group and 2.478  .200 mmol/L in the intervention group
(P ¼ .002).
The changes in L-lactate sampled from the jugular vein at the
start and the end of observation in the individual pigs during the
experiment were .020  .215 mmol/L in the sham group and
1.440  1.454 mmol/L in the intervention group (P ¼ .009)
We found no signiﬁcant difference in portal and liver vein
samples at any given sampling time. (Results not shown).4.3. Leukocytes and L-LDH
A one-way repeated measurement ANOVA revealed no signiﬁ-
cant leukocyte difference between the groups (P ¼ .778), neither
did L-LDH activity (P ¼ .991).4.4. Histology
All pigs in the intervention group showed macroscopic signs of
intestinal ischemia compared to none in the sham group. Histo-
logical examination revealed two pigs with severe (Grade 3)
manifestations of small intestine ischemia in the intervention
group and six withmoderate (Grade 2), (Fig. 3a). None of the pigs in
the sham group had histological signs of small intestine ischemia
(Grade 0), (Fig. 3b). (Fisher’s exact test, P < .001). There was no
difference in the histological grading of the colon samples between
the intervention and sham group, and all pigs presented with
normal histology. We found no correlation between high D- and L-
lactate values and the histological grade.Fig. 2. Mean plasma concentrations of L-lactate with SD, C ¼ intervention group,B5. Discussion
In the present pig model of arterial-induced mesenteric
ischemia, we found signiﬁcant elevations of L-lactate in both the
systemic and portal circulation. Although, the mean of the indi-
vidual changes in D-lactate at the start and the end of the obser-
vation period in each pig were signiﬁcantly higher in the
intervention group than in the sham group, D- lactate was a poor
biomarker for intestinal ischemia in this animal model. This may be
due to a much higher SD in our study than reported by others and
used for the power calculation, and to gain 80% power at a 5%
signiﬁcance level, our sample size should have been 85 pigs per
group given these circumstances. All pigs in the intervention group
showed macro- and microscopic signs of small intestinal ischemia.
Our histological ﬁndings suggest that clamping the superior
mesenteric artery in a pig model induces small intestinal ischemia,
and not colon ischemia.
Studies have reported positive11,13e16 and negative17,18 results
for use of D-lactate as a biomarker for intestinal ischemia induced
by arterial occlusion, high intra-abdominal pressure, venous
occlusion, and ischemia/reperfusion injury. Assadian et al. showed
a higher D-lactate concentration in four patients with colonic
ischemia after abdominal aorta aneurysm (AAA) repair compared
to non-ischemic patients (n¼ 8).11 The samples were taken 2 h after
aortic cross-clamping. All four ischemic patients had a ruptured
AAA; therefore, the compromised intestinal blood supply may have
been much longer than 2 h. Poeze et al. also showed increased D-
lactate in 11 patients with ischemic bowel after ruptured AAA
repair compared to 21 controls. The mean time from aortic cross-
clamp to blood sampling in their study was 6.3 h.16 No informa-
tion of prolonged cross-clamp times was provided in these studies,
however, which is of great interest given that the occlusive time is
associated with the severity of ischemia.19 Intestinal ischemia after
AAA repair is related to ischemia/reperfusion injury. The mecha-
nism likely allows the anaerobic metabolites such as L- and D-
lactate to enter the circulation when the reperfusion starts.8 The
reperfusion injury in the intestine can be severe due to free oxygen
radicals and toxins and can induce the same amount of damage as
solely occlusive ischemia,7,20e23 and the duration of injury can be
longer than the actual clamp time.8 The ischemia after AAA repair is
predominantly located in the colon.24 These differences make the
above-mentioned studies concerning intestinal ischemia after AAA
repair less appropriate for comparison to complete and solely
occlusive studies such as the present study.
Murray et al. reported a signiﬁcant D-lactate increase in ischemic
patients compared to patients with other intra-abdominal catas-
trophes.14 This study, however, provides no information regarding
the time from symptom onset to blood sampling.¼ sham-operated group. Fig. 2a is from the portal vein and 2b is the jugular vein.
Fig. 3. a Small intestine after 6 h of ischemia. (hematoxylin-eosin stain; original
magniﬁcation, x40). a. superﬁcial denudation of the epithelium. b. homogenization of
the lamina propria. c. injury of the submucosal layer. b Small intestine after 6 h of
ischemia. (hematoxylin-eosin stain; original magniﬁcation, x40). Normal small bowel
is seen, which consists of mucosal, submucosal, and muscle layers.
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cantly higher in rats with a clamped superior mesenteric artery
compared to controls.13 Collange et al. did not ﬁnd increased D-
lactate in an experimental rat model in which eight animals were
intervened with 40 min of supraceliac aortic clamping and 1 h of
reperfusion and compared to eight controls, even though histo-
logical examination of the intestine afterwards revealed a 30%
decrease in villus height.18 Nielsen et al. found both elevated
plasma L- and D-lactate concentrations within 2 h of superior
mesenteric vein clamping in pigs,15 and Günel et al. found D-lactate
increases in a similar ischemia-reperfusion rabbit model.25 Block
et al. saw 71 consecutive patients above 50 years of age who pre-
sented with severe abdominal pain, 10 of whom also had intestinal
ischemia. The authors found signiﬁcantly higher L-LDH in the
ischemic group, but they did not ﬁnd higher levels of D-lactate.17
There is, however, no indication that L-LDH was removed prior to
D-lactatemeasurement in the studies by Günel et al. and Block et al.,
which may interfere with the results.
Sapin et al. investigated D-lactate in septic patients admitted to
intensive care unit and found that D-lactate levels decreased from
day 1 to day 2 in survivors. The authors suggest a surveillance
potential for DD-lactate.26
Neglecting the interference due to L-LDH in the interpretation of D-
lactate assay results leads to an overestimation of D-lactate levels. Inthe spectrophotometric assay, the contributions from plasma L-LDH
and L-lactate canbe considerable.10,15Ourﬁndings suggest that neither
L-LDH nor leucocytes can be used as intestinal ischemia markers
within 6 h from occlusion in an arterial occlusive model. L-LDH
differences, however, may be used as indicators of intestinal ischemia.
Kurimoto et al. have investigated L-lactate as a marker of colon
ischemia induced by arterial clamping. The authors found a signif-
icant elevation of L-lactate in the superior mesenteric vein after 2 h
of superior mesenteric artery clamping and after 4 h in the systemic
circulation.27 These results are consistent with our results, i.e., that
L-lactate is produced under intestinal ischemic conditions and can
bemeasured in the systemic circulation. Acosta et al. embolized the
superior mesenteric artery for 4 h; however, they failed to ﬁnd any
elevation in L-lactate.28
In conclusion, the present study of a pig model of arterial-
induced mesenteric ischemia showed that L-lactate could be used
as a marker of small intestinal ischemia within 6 h of onset. The
elevation in D-lactate was not signiﬁcant during the study period,
which may be due to a very large variation in the response among
the pigs causing a very high SD. When using the start and the end
values, we found a signiﬁcant difference in the intervention group
compared to the sham group in samples taken in peripherally
vessels. Nevertheless, our ﬁndings suggest that D-lactate cannot aid
the physician in diagnosing small intestinal ischemia in the early
stage of acute intestinal ischemia.
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